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Abstract
Several human diseases are reported to be associated with amyloidogenic peptides and
proteins, for example, B amyloid (AB) in senile plaques of Alzheimer’s disease and B,
microglobulin (B2M) deposition in dialysis related amyloidosis. The major factor for
amyloidosis appears to be an increase in the production of amyloidogenic proteins,
resulting in the amyloid B sheet deposits. It is clear that conformational changes in
amyloidogenic proteins lead to fibril formation and aggregation. Several trigger
factors may be involved in the initiation and propagation of these amyloid deposits.
Common components such as serum amyloid P component (SAP),
glycosaminoglycans (GAGs) may be involved, and metals such as aluminium, copper,
zinc and calcium have also been implicated. Metals have been shown to induce
aggregations of amyloid and accelerate amyloid deposition. The present study
involved the investigation of the effects of inorganic elements on the secondary

structural integrity of amyloid proteins leading to aggregation and deposition.

The addition of Cu**, Zn®*, Ca® and AP’* (>50 UM) to the amyloids, particularly
AB(1-40) and B,M, showed some changes with a general decrease in o helix
secondary structure and an increase in P sheets. Both the AB(1-40) and B,M peptides
treated with physiological concentration of either AI**, Ca®*, Cu® or Zn** combined
with the physiological concentrations of various GAGs showed that they had a
synergistic effect, indicating that GAGs could play a role in conjunction with metals.
This has not been previously reported in the literature. The binding of GAGs to the
amyloids could provide further binding sites for metal ions, leading to an alteration in
the protein conformation. There is evidence in the literature for metals as trigger
factors in the deposition of the Alzheimer’s disease AP peptides, but not for the
dialysis related B,M peptide. Similar changes occurred for the interaction of both
AB(1-40) and BoM with metals and also with metals in the presence of GAGs. This
suggests that similar mechanisms may be involved and that metals may have an

underlying role in the general process of amyloidosis independent of the type of

amyloid protein involved.
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Abbreviations

beta amyloid from Alzheimer’s disease
1-40 fragment of beta amyloid

1-42 fragment of beta amyloid

1-43 fragment of beta amyloid

other fragments of beta amyloid

AA amyloid

adsorption attenuated total reflectance
amyloid enhancing factor

islet amyloid polypeptide

AL amyloid

aluminium / aluminium cation
aluminium chloride

apoprotein

amyloid precursor protein of Alzheimer’s disease
arginine

asparagine

aspartic acid

attenuated total reflectance

beta 2 microglobulin

blood brain barrier

bovine serum albumin

bovine spongiform encephalopathy
calcium / calcium ion

calcium chloride

continuous ambulatory peritoneal dialysis
cadmium

circular dichroism

Creutzfeldt-Jakob disease

central nervous system

cobalt / cobalt cation

chromium

chondroitin sulphate

camphor sulphonic acid

cerebral spinal fluid

chondroitin sulphate proteoglycan
copper / copper cation

copper chloride

deoxyribonucleic acid
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Gly
H,S0,
HCI

HD
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HIV
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hr

HRP
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HSPG
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kDa

KS
Mg2+
MgCl,
Mn/Mn?**
Mo

MT
MW
NagSi03
NaCl
NaOH
(NHy); SO,
Ni/Ni**
NMR
NOE/NOESY

NP-40
NT

dialysis related amyloidosis
dermatan sulphate

excitatory amino acids

end stage renal failure

iron / iron cation

Fourier transform infrared spectroscopy
glycosaminoglycan

germanium

glycine

sulphuric acid

hydrochloric acid
haemodialysis

high density lipoprotein
heparin

1,1,1,3,3.3 hexafluoroisopropanol
human immunodeficiency virus
human leukocyte antigen

hour

horse radish peroxidase
heparan sulphate

heparan sulphate proteoglycan
isoelectric focusing

internal reflectance element
kilo Daltans

keratan sulphate

magnesium cation

magnesium chloride
manganese / rmanganese cation
molybdenum

metallothionein

molecular weight

sodium silicate

sodium chloride

sodium hydroxide

ammonium sulphate

nickel / nickel cation

nuclear magnetic resonance
nuclear Overhauser effect / nuclear Overhauser
enhancement spectroscopy
nonylphenoxy polyethoxy ethanol (Tergitol)
neurofibrillary tangles
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PAGE polyacrylamide gel electrophoresis

PAR 4-(2-pyridylazo) resorcinol

Pb lead

PG proteoglycan

Phe _ phenylalanine

PHF paired helical filament

pl isoelectric point

PMSF phenyl methly sulphonyl fluoride

Pro proline

Prp* prion protein intermediate

PrpP* prion protein

Prp* conformationally changed prion protein
rihu]PrP° human recombinant prion protein
RNA ribonucleic acid

pm revolutions per minute

SAA serum AA amyloid

SAP serum amyloid P component

Sb antimony

SDS sodium dodecyl sulphate (lauryl sulphate)
Ser serine

SHaPrP(29-231) Syrian hamster prion protein

SIMS secondary ion mass spectrometry
SOD superoxide dismutase

SP senile plaque

TCBS tween citrate buffered saline

TEMED N,N,N’,N’-tetramethylethylene diamine
TF-ATR thin film attenuated total reflectance
TFE 2,2,2 - trifluoroethanol

Tris tris[hydroxymethylJaminomethane
Trp tryptophan

TTBS tween tris buffered saline

TTR transthyretin amyloid

Tyr tyrosine

uv ultra violet (electromagnetic radiation)
Val valine

VIS visible (electromagnetic radiation)
Zn/Zn* zinc / zinc cation

ZnCl, zinc chloride
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Chapter 1. Introduction.

1.1 Proteins.

1.1.1 Protein introduction.

Proteins are abundant in all organisms and are indeed fundamental to life. Proteins are
involved in virtually every biological process in a living system. The precise
orchestration of cellular activity requires that various proteins are present in
appropriate quantities at the correct times. The shear diversity of the protein structure
underlies their large range of function. The information required to synthesise proteins
is stored in DNA. Proteins are synthesised on ribosomes as linear chains of typically

hundreds of amino acids.

Most of the chemical reactions that occur in biological systems are catalysed by
enzymes, which are proteins, The rate of the reactions they catalyse are often
increased by the order of at least a million-fold. Proteins are involved in the
transmission of nerve impulses by acting as receptors of transmitter molecules that
cross the junctions separating nerve cells. Proteins also act as hormone receptors and
can themselves be hormones. The immune system depends on the production of
antibodies: proteins, which bind to specific foreign particles such as bacteria and

viruses.

Various ions, small molecules and other metabolites are stored in an organism as
complexes with proteins; for example iron is stored bound to ferritin in the liver.
Proteins are involved in the transportation of particles ranging from electrons to
macromolecules. Haemoglobin in red blood cells is important for the transfer of
oxygen and removal of carbon dioxide from the lungs to other tissues. The formation
of pores in cellular membranes through which ions pass and the transport . of
molecules across membranes is also dependent on proteins. Some proteins have a
structural role, providing mechanical support. The "skeleton" of a cell consists of a
complex network of protein filaments. Muscle contraction depends on the action of
large protein assemblies. Other organic materials are also based on protein, for
instance hair. Collagen is found in all multi-cellular animals, occurring in almost

every tissue; approximately a quarter of mammalian protein is collagen.



1.1.2 The importance of protein structure.

In order to function, protein chains must fold into the unique native three-dimensional
structures that are characteristic of the individual proteins. The protein shape and
function are inextricably linked. The importance of protein folding has been
recognised for many years. In the 1950°s, Linus Pauling [1] discovered that proteins
consist of primarily two regular secondary structures - the o helix and the B sheet.
And in the early 1960’s, Christian Anfinsen [2] showed that proteins could adopt their
native conformation spontaneously. What Anfinsen's experiments didn't show,
however, was why a particular chain of amino acids folds into one and only one

shape, i.e. the protein sequence determines its structure.

The formations of o helix and [§ sheet secondary structures are directly influenced by
the presence of primary sequence of a protein. In proteins and nucleic acids the
predominant regular structures are characterised by intra-chain hydrogen bonding
within the backbone chain. The o helix is a right-hand spiral stabilised by hydrogen
bonds between each amino acid's nitrogen atom and the oxygen atom of the fourth
residue along the chain. This means that there are 3.6 amino acids for each turn of the

helix (Figure 1.1a) {3].

The [ sheet structure is essentially flat, with the side chains sticking out on alternate
sides. The [ sheet is also stabilised by hydrogen bonds between nitrogen and oxygen
atoms. In this case, however, the hydrogen-bonded atoms belong to different amino
acid chains running alongside each other. The sheets are “parallel’ if all the chains run

in the same direction and are “antiparallel' if alternate chains run in opposite directions

(Figure 1.1b).

Antiparallel sheets are often, but not always, formed by a single chain looping back
upon itself [3]. When a sing'le chain loops back on itself to form an antiparallel [§
sheet, the one to three amino acids linking the two strands are known as a B-turn
(Figure 1.1c¢). All other local arrangements of amino acids are described as “random

coil,’ although they are random only in the sense of not being periodic.



Figure 1.1

Typical secondary structure: (a) o helix, (b) anti-parallel B sheet, (c) B turn or hairpin.
The dashed lines show hydrogen bonding between residues; arrows denote direction

of 3 strand [3].
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Tertiary folding is largely determined by the packing of the o helices and/or B sheets.
For many proteins the tertiary structure can adequately be described by one of three
motifs: an assembly of o helices with a predominantly B sheet (o/B), P sheets stacked
together (B/B), or structures involving o helices (o/o). These arrangements satisfy the
hydrogen bonding requirements of buried main-chain nitrogen and oxygen atoms
while shielding a substantial fraction of the non-polar atoms from the solvent.
Quaternary structure is formed by the combination of two or more chains. The
interactions between the chains are not different from those in tertiary structure, but

are distinguished only by being inter-chain rather than intra-chain [3].

1.1.3 Protein folding.

There are nearly 100,000 proteins encoded in the human genome, and there are
thought to be more than a thousand fundamentally distinct structural architectures into
which folded proteins can be classified. The number of possible conformations of a
polypeptide chain is huge, yet the folding of a protein is fast with a typical folding
time of 1 s. Protein folding occurs in multiple steps commonly referred to as

“The folding pathway”.

The distribution of polar (hydrophilic) and non-polar (hydrophobic) residues along the
polypeptide chain is now known to be a crucial factor in determining the overall fold
and are important in both intra and inter-binding sites and ultimately their
stabilisation. Protein folding involves complex mechanisms that depend on the co-
operative action of a vast number of relatively weak non-covalent interactions

involving thousands of atoms.

There are several families of cellular proteins whose job is to assist in the folding
process of the other proteins, for example, molecular chaperones. The efficiency of
protein folding can be compromised by aggregation of folding intermediates that have
exposed hydrophobic surfaces. In a cellular environment, molecular chaperone
proteins bind reversibly to folding intermediates, protecting the incompletely folded

polypeptide chains from aggregating and promoting correct folding [4].



The formation of the protein structure that yields the lowest energy state, i.e. the
"native conformation™, is the process that drives the folding pathway. Protein folding
is thought to start with the formation of elements of secondary structure independently
of tertiary structure, or at least before tertiary structure is locked in place. First a very
rapid formation of secondary structure such as o-helices and f—sheets. The folding of
these compact shapes are presumed to be driven by hydrophobic collapse, so that
most of the interior of the protein is occupied by hydrophobic amino acids, which
have a low affinity for water. The second phase is slower; the secondary structure

elements interact with each other to form the native tertiary structure.

The nucleus primarily consists of a few adjacent residues, which have some correct
secondary structure interactions, but is stable only in the presence of further
approximately correct tertiary structure interactions. These elements then assemble
into the tightly packed native tertiary structure either by diffusion and collision or by
propagation of structure in a stepwise manner. The protein subunits then assemble to

the quaternary structure to form the final native conformation of the protein [4].

1.1.4 Protein misfolding and disease.

Even after the folding process is complete, however, a protein can subsequently
experience conditions under which it unfolds, at least partially, and then it is again
prone to aggregation. When we boil an egg, the albumin protein in the egg white
unfolds. Upon cooling, the proteins don't return to their original shapes, instead, they

form an insoluble solid, but tasty nonetheless.

It is becoming clear that the failure of proteins to fold correctly or to remain folded
under all appropriate physiological conditions can give rise to a wide range of
pathological conditions. Defective and misfolded proteins are normally rapidly
degraded by proteolysis. It may therefore not always be obvious that a protein is

misfolding, but rather, there seems to be a decrease in that protein.



The misfolding of a protein can be caused by:

¢ Mutations in the DNA so that the amino acid sequence differs from normal. Many
single amino acid mutations have little affect on the folding, but in a number of
cases results in a less efficient, or unstable protein.

* Lack of enzymes or molecular chaperone needed to fold a protein.

¢ Interaction with other misfolded proteins,

¢ Correctly folded protein becoming misfolded by accumulated damage due to

oxidation, radicals or other chemical reactions.

Misfolding proteins can cause diseases in several ways:

* A protein becomes non-functional or ineffective.

* A protein is in short supply caused by a decrease in production or increased
uptake/removal.

* A protein is unable to get to the right place, due to inability to fold correctly.

* The presence of protein aggregates, that have a damaging effect on the cell. The
abnormal protein can, in some cases, propagate further misfolding of normal

protein as in the prion diseases.

A number of diseases are caused by amyloid fibrils, in which a normally soluble
protein deposits as insoluble fibrils. In most cases the exact cause is as yet unknown,
but the protein involved is certainly misfolded. Examples are: Alzheimer's disease (j3-
amyloid protein), Primary systemic amyloidosis (immunoglobulin light chains),
Senile systemic amyloidosis (transthyretin, TTR), Diabetes Type 2 (Amylin, IAPP),
The prion diseases such as Bovine spongiform encephalopathy and Creutzfeldt-Jakob
disease (prion, PrP). The resulting deposition of aggregated amyloid protein disrupts

the normal function of tissue in which it is deposited [5].

Inherited diseases have examples of all types of consequences of misfolded protein:
Emphysema is due to a lack of a-anti-proteinase. Osteogenesis imperfecta is due to an
unstable fold. Cystic fibrosis, and familial hypercholesteremia may be due to a
misfolded protein that cannot take up its proper position. Familial amyloidosis,

Creutzfeldt-Jakob disease, and Alzheimer's disease involve aggregation of misfolded



proteins [5]. In Huntington's disease, the mutated gene codes for a protein that
produces an increasing number of consecutive residues of the amino acid glutamine.

When the number of residues expands past 40, the protein becomes insoluble, causing

the protein to misfold.

1.1.5 Protein misassembly.

Various terms encompass protein misassembly [4]:

* Precipitation arises as a consequence of solvent changes, decreasing the solubility
of the protein in a reversible manner.

* Denaturation refers to reversible, as well as irreversible structural changes in
native proteins leading to altered solubility that does not change the primary
structure.

* Coagulation occurs as a result of an increase in particle size caused by
denaturation of a protein with subsequent gelation.

* Aggregation is used to describe the association or assembly of proteins that may

involve quaternary structural changes or involve sidechain interaction [4].

Proteins may undergo a wide range of specific structural changes during their normal
function. The biological activity of proteins is closely linked to its native structure,
which is retained only if critical factors such as temperature, pH, solvent and
concentration are kept within narrow limits, The relative reactivity of a protein often
depends upon the nature of the solvent-protein interaction. Solvents such as di-
chloroacetic acid, trifluoroethanol and formic acid can influence the secondary

structure of the protein [4].

Protein folding can be studied in the test tube by dissolving a purified protein in
aqueous solution and denature it using chaotropic agents which are polar and/or
charged molecules (e.g. urea and guanidine-HCl), detergents (e.g. sodium dodecyl
sulphate), heat, metals, reagents which cleave disulphide bridges (e.g. dithiothreitol,
mercaptoethanol) and acids or bases which cleave salt bridges. Removing the
denaturant by dialysis induces a sponraneous refolding of the polypeptide into its

original, native fold.



Different denaturants can lead to different denatured states but common to all states is
a reduction in solubility. Denaturants cause alterations in the conformation of the
polypeptide chain, which can be reversed on their removal. Essentially the
‘denaturation — renaturation’ step is a two-state process involving a native protein
state and an unfolded state. There are other intermediates but these are generally
thermodynamically unstable. The increase in nucleus radius with increasing protein
concentration leads to a gain in conformational entropy that drives the aggregation. As
the concentration of denatured protein increases then the pool of component

molecules that favour aggregation increases [4].

1.1.6 The binding of metals to proteins.

The solubility of proteins may be pictured as a balance between attractive and
repulsive forces involving on the one hand the interaction of protein molecules with
the solvent, and the interaction between the protein molecules. The balance of these
forces determines the degree to which the protein molecules tend to disperse and
surround themselves with other protein molecules. Some of the factors affecting this
solubility include coulombic forces, hydrogen bonding between protein-protein and

protein-solvent and the presence of hydrophobic groups in the protein.

The binding of ions depends on the intrinsic affinity of the ligand groups available for
interaction that allows binding of ions non-specifically. The folding of a peptide chain
means that side groups such as carboxyl, imidazole, or sulphydryl are usually more
important than terminal amino or carboxyl groups. In general ion binding sites are
composed of protein moieties, such as the carboxyl group, that interact simultaneously
with the ion producing a co-operative affect that may afford some specificity. The
amino acid groups in a polypeptide chain are restricted by intra- or inter-hydrogen
bonding and steric hindrance and are not free to move and cluster around a metal ion
in the way free amino acids and small peptides can. Proteins bind to particular ions

due 1o the specific arrangement of residues.

The protein molecule normally bears a considerable number of positive and negative
charges whose net potential field favours or hinders the approach of the metal ion.

The effect of the counter ion depends on its size and ionic strength. At low ionic



strength, weak interaction of soluble organic molecules with proteins may lead to
increased protein solubility (salting in). At high ionic strength, e.g. high salt

concentration, the opposite holds and the solubility decreases (salting out).

Most of the groups available to bind to metal ions also bind to hydrogen ions and in
general there will be competition for sites in the protein. Competition for hydrogen
can be readily detected by a shift in pH following the addition of metal salts. The
binding of metal ion may be mediated by the unfolding or denaturing of the protein,
exposing ligands and chelatable sites. There is a linear relationship between the
logarithm of solubility and ionic strength, i.e. the Hoffmeister effect. Decreased
solubility favours aggregation and coagulation. These effects may be explained by

competition for water of hydration between protein and excess electrolyte [4].

There are three separate ways in which metals could interact with proteins that may
alter the solubility. It must also be highlighted that full saturation of metal ions may
not be possible due to steric and electrostatic effects. The binding of metal to a protein

could occur as in Figure 1.2a and may also form a chelate complex (Figures 1.2b -
1.2¢).

The first form is probably encountered frequently in metal protein precipitates and
may affect solubility in two ways: the charge effects are similar to that of H* (i.e.
changing the net charge of the protein) and effects between protein-metal complex
and the solvent. In the second mechanism, the aggregation occurs by cross linkages
across metal ions. The cross-linking can occur when several ligands are exposed and
the metal cation is able to chelate across either inter or intra protein molecule. Even if
intermolecular cross-linking is the main mechanism which renders the protein

insoluble, relatively few cross linkages may be necessary [4].



protein surface

Figure 1.2 - Diagrams showing the possible interactions between protein ligand (A)
and metal (M): (a) simple binding (b) inter and (c) intra chelate complex formation.

The two amino acids, which combine most strongly with metal ions, are the histidine
and cysteine residues. Histidine may combine with a metal ion through all of its
exposed donor groups, imidazole as well as the o0 amino group and carboxyl groups.
Cysteine combines with metals strongly via the sulphur group. Ions tend to bind to
groups for which they have some intrinsic affinity. Ca** ions bind to oxygen atoms,
Zn™ jons bind to imidazole rings of histidine residues. Fe?*/Fe®* ions bind to sulphur

atoms on cysteine residues, and Cu®* ions bind to thiol or imidazole groups.
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1.2 Methods for the determination of secondary structure of
proteins.

Techniques for protein structural elucidation include X-ray crystallography, NMR and
fluorescence labelling and other spectroscopic methods. The complete three-
dimensional structure of a protein at high resolution can be determined by X-ray
crystaltography. This technique requires the molecule to form well-ordered crystals,
which may not be possible for all proteins. Nuclear magnetic resonance (NMR)
spectroscopy has the advantage over crystallographic techniques in that experiments
are performed in aqueous solution as opposed to a crystal lattice. However, the
physical principles that make NMR possible limits the application of this technique to
macromolecules of less than 30 kDa [6]. The interpretation of the NMR spectrum of
large proteins is very complex and NMR peaks of larger proteins can be difficult to
resolve and assign. In NMR, the secondary structures are localised to specific
segments of the polypeptide chain and can thus provide a wealth of information about
dynamics. However, obtaining secondary structural information from NMR data
requires considerably concentrated solutions (15 mg ml™ for a 15 kDa protein) [7 &
8]. These limitations have led to the development of alternative methods that are not
able to generate structures at atomic resolution but provide structural information on
proteins (especially secondary structyre). Therefore, the use of circular dichroism and
vibrational spectroscopy to determine the structure of biological macromolecules has

been increasingly used.

Circular dichroism (CD) spectroscopy can be used to gain information about the
secondary structure of proteins in solution. The advantages are that it is a non-
destructive technique using small sample sizes of relatively low protein concentration
(200 pt of a 0.5 mg ml” solution in standard cells). Relative changes due to the
influence of the environment on the sample (pH, denaturants, temperature etc.) can be
monitored very accurately. The major disadvantage is that a CD spectro-polarimeter is
relatively expensive, and also some interferences occur with solvent absorption in the
UV region which means that buffers used should be dilute and non-absorbing below
200nm [9]. Fourier transform infrared (FTIR) spectroscopy can be applied to the siudy
of the secondary structure of proteins in aqueous solution [10-12]. The technique of

FTIR spectroscopy requires only small amounts of proteins in a variety of
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environments. The main strength of FTIR spectroscopy is the ability to investigate
biological systems under non-invasive conditions. Therefore, high quality spectra can
be obtained relatively easily without problems of background fluorescence, light
scattering and those related with the size of the proteins. The ever-present water
absorptions can be mathematically subtracted. Methods are now available that can
separate sub-components that overiap in the spectrum of proteins. Since the potential
sources of error in CD and FTIR analyses of secondary structure content are largely
independent, the two methods are highly complementary and could be used in
conjunction to increase accuracy. Despite limitations in the quantitative assessment of
protein secondary structure content, FTIR and CD spectroscopy provide good tools to
monitor conformational changes in polypeptides and proteins. The various techniques
are described below. The spectroscopic methods of CD and FTIR, which were used in

the actual studies, are discussed in more detail below.

1.2.1 X-ray crystallography.

The understanding of protein structure and function has been greatly enriched by X-
ray crystallography, a technique that can reveal the precise three-dimensional
positions of most of the atoms in a protein molecule. Crystals of the protein of interest
are needed because the technique requires that all molecules be precisely orientated.
Crystals can often be obtained by slow drying, or by adding ammonium sulphate or
another salt to a concentrated solution of protein to reduce its solubility. A narrow
beam of X- rays strikes the protein crystal, part of it penetrates through the crystal; the
rest is scattered in various directions. Current detection methods include solid-state
electronic detectors such as CCD instruments that can coilect larger areas than single
point scintillation counters. The molecular image obtained from x-ray crystallography
is called an electron density map, because it is an image of the electron ciouds of the
molecule under study. Hence, the electron density map can give three-dimensional
information about the structure of the protein [8]. If the sequence of amino acids in
the protein is known, an accurate model can be obtained by fitting the atoms of the
known sequence into the electron density map, calculations are carried out on

sophisticated graphics computers.
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1.2.2 Nuclear magnetic resonance (NMR) spectroscopy.

1.2.2.1 Physical principles of NMR.

Nuclear magnetic resonance is a spectroscopic method that is used to observe nuclear
spin reorientation in an applied magnetic field. Sub-atomic particles possess a
characteristic spin angular momentum. Many important nuclei (IH, 3'P, ”C) have a
spin equal to a %2 giving rise to two energy states in the presence of a magnetic field.
A transition from the lower (o) to the upper (B) state occurs when a nucleus absorbs
electromagnetic radiation of appropriate frequency. NMR spectroscopy is a very
informative technique because the local magnetic field around all the nuclei in the

sample is not identical within the applied field B, because of shielding from the

electron density around cach molecule. Consequently, nuclei in different
environments absorb energy at slightly different resonance frequencies, an effect
termed the chemical shift. Thus each proton should, in principle, be characterised by a
unique chemical shift. In practice, this is never observed as some protons, such as the
three protons of each side chain, methyl group of Thr, Val, Leu, Ile, and Met and most
pairs of equivalent (2,6 and 3,5) aromatic ring protons are found to have degenerate
chemical shifts. Other protons (OH, SH, and NH3) are in rapid chemical exchange
with the solvent and thus have chemical shifts indistinguishable from the solvent
resonance [6 & 7]. Near complete amino acid chemical shifts assignments are often

possible [13].

1.2.2.2 Nuclear Overhauser effect.

The structural information of a protein can come from through space dipole-dipole
coupling between two protons, called the nuclear Overhauser effect (NOE). The
intensity of a NOE is proportional to the distance separating the two protons. Thus the
NOE is a sensitive probe of short intramolecular distances. A two dimensional nuclear
Overhauser enhancement spectroscopy (NOESY) spectrum graphically displays pairs
of protons that are in close proximity [7]). The three-dimensional structure of a protein
can be reconstructed from a large number of such proximity relations. This raises the
problems complexity when analysing proteins and other biological macromolecules

[6- 8].
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1.2.2.3 Secondary structure in NMR.

Secondary structure determination by NMR techniques does not require a full three-
dimensional structural analyses as X-ray crystallography does. Comparison of X-ray
structures and amide proton chemical shifts for well characterised proteins reveals a
simple correlation between chemical shift and secondary structure [7). The o proton
of all 20 naturally occurring amino acids has been shown to have a strong correlation
with secondary structure [14]. Conformationally dependent chemical shifts of '*C*
and “CP nuclei can also be used to identify regular o helix or B sheet regions in .
proteins. While obtaining the sequential resonance assignments is a time consuming

task, the NMR method is perhaps the most powerful and certainly the most accurate

method of secondary structure determination [6].

1.2.3 Circular dichroism (CD) spectroscopy.

Circular dichroism spectroscopy is a form of light absorption spectroscopy that
measures the difference in absorption of right and left circularly polarised light by a
substance. CD is a useful technique to determine the conformation of proteins and
other biological macromolecules that exhibit chirality. Proteins are optically active
because they are asymmetric. Amino acid residues other than glycine are intrinsically
optically active because of the configuration about their o carbon atom. Threonine
and isoleucine possess an additional chiral centre. Circular dichroism is very sensitive
to the secondary structure of a polypeptides due to the dis-symmetric environment,
which affects the electronic transitions to the excited state [15]. The electronic
interaction between residues also contributes to the optical activity e.g. an o helical
conformation results in a large contribution [8). CD spectra rather than optical
rotatory spectra are measured because CD spectra are more sensitive and simpler to
interpret. The magnitude of Ae is x10° less than the ordinary molar absorption
coefficient €, corresponding to an ellipticity of a few 1/100th of a degree, hence

sensitive instrumentation is required to measure CD [8].
1.2.3.1 Physical principles of CD.

Electromagnetic radiation is a complex waveform that can be considered as two

components, a magnetic (B) and an electric (E) wave at right angles to each other
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(Figure 1.3a). The differential absorption of radiation polarised in two directions as
function of frequency is catled dichroism. When applied to plane polarised light, it is
called linear dichroism, and for circularly polarised light, it is called circular
dichroism. After passing through an optically active sample, circularly polarised light
will be changed in two aspects. The two components are still circuiarly-polarised, but
the molar absorption coefficients for right- and left-polarised light now differ causing
the E-vector to trace an ellipse (actually an elliptical screw) instead of a circle. There
will also be a rotation of the major axis of the ellipse due to differences in refractive
indices [16]. The synchrotronic light is circularly polarised in a photo elastic
modulator (PEM) before passing through the sample chamber and detected using a

photomultiplier tube (PMT) (Figure 1.3b).
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Figure 1.3 - Schematic diagrams of (ai) of linearly polarised light (A - wavelength, B
- magnetic and E - electric components), (aii} of right-handed circularly polarised
light [16] and (b) the layout for CD Station 3.1 at Daresbury Laboratories.
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1.2.3.2 Secondary structure in CD.

Circular dichroism is particularly powerful in monitoring conformational changes.
The far-ultraviolet CD spectrum of a protein is sensitive to its main-chain
conformation. For proteins, the absorption in the ultraviolet region of the spectrum
arises from the peptide bonds (symmetric chromophores) and amino acid side chains
in proteins. Protein chromophores can be divided into three classes: the peptide bond;
the amino acid side chains, and any prosthetic groups. The region of 178 - 260 nm can

be monitored to observe effects of backbone conformational changes (Figure 1.4).
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Figure 1.4 - The circular dichroism spectra of (a) secondary structural components; o
helix (green), P pleated sheet (magenta) and a random coil (blue) of a model
polypeptide and (b) the CD spectrum of combined secondary structure [8].

The protein microenvironment in solution, including solvent effects, influences
secondary structural determination of peptides and proteins. The change in solvent
environment can cause a change in the transition energy that leads to blue or red shifts

of the CD maxima. These shifts contribute to a discrepancy in the determined
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secondary structure [16]. The analysis of CD spectra can therefore yield valuable
information of the secondary structure of biological macromolecules. Measurements
of synthetic polypeptides and proteins of known structure define the o helices, B sheet
structure and random coils motifs. The o helices have a dominant contribution with a
negative band between 208 and 222 nm and a positive band at 192 nm. B sheets give a
minimum around 218 nm and a maximum around 196 nm. A randomly arranged

polypeptide chain has a negative CD band centred at 200 nm [8 & 16].

1.2.3.3 Secondary structural interpretation.

The secondary structural computer programs used to analyse the spectra may give
differing values due to the program used for secondary structural calculations.
Various methods including linear combination (LINCOMB), multi-linear regression
(MLR), convex constraint analysis (CCA), neural network program single-value
decomposition (SVD), CONTIN program for rigid regression analysis, and the self-
consistent method (SELCON) to obtain secondary structural information from CD
data [16-20]. Secondary structural analysis using the primary sequence has been
improved by incorporating CD using a least-squares fit or best fit. Unfortunately,
extraction of a secondary structure using the best fit does not necessarily give
appropriate secondary structural elements of B sheet or B turn structures. It is
generally accepted that the o helical secondary structural values are reliable.

1.2.3.4 Synchrotronic radiation.

The use of synchrotronic light allows CD measurements below 200 nm in far UV
region, within the peptide backbone region of 178 — 260 nm. Conventional light
sources diminish below this range, whereas the flux obtained from a synchrotronic
light remains high. The synchrotronic light is produced as a result of loss of energy
from electrons as they decelerate in a magnetic field. The electrons are held in an orbit
in storage dipole magnets and accelerated to a velocity approaching that of the speed
of light. Polarised synchrotronic radiation is emitted at a tangent and consists of a
continuous spectrum of radiation ranging from the X-rays to the microwave region.
The synchrotron radiation source (SRS) was housed at CLRC Daresbury Laboratory,
Daresbury, UK.
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1.2.4 Fourier transform infrared (FTIR) spectroscopy.

Fourier transform infrared (FTIR) spectroscopy has been used to evaluate structural
characteristics of proteins, including secondary structure, hydrogen-deuterium
exchange, thermal denaturation, and other properties. The hydrogen-deuterium
exchange method can also be used to probe protein conformation, hydrogen bonding,
exposed exchangeable hydrogens, and membrane-bound conformations. FTIR spectra
of biological samples are usually complicated with numerous vibrational bands;

therefore, a difference spectrum would be useful to observe changes purely due to the

sample.

The O-H bending peak at 1644 cm™ overlaps with the conformational sensitive amide
I band. The high molar absorptivity of the O-H bending vibrations of water
(~1640 cm™) and problems associated with non-linearity. This limits the path length
used in studies of proteins dissolved in water to 10 pm or less. Longer path lengths
result in significant distortions of water absoprtions, making background subtraction
impossible. Therefore, digital subtraction of buffer and water spectra can generate the
spectrum due to the protein. Adequate subtraction will only be obtained if the
spectrum of the protein solution and water (or buffer) are recorded at the same
temperature, due to the strong dependency of water absorptions on temperature. An
alternative approach is to use *H,O as a solvent. The water bend is shifted some
400 cm™ to a lower frequency thus leaving a useful window free of absorptions in the
amide I region of the spectrum. Much longer path lengths may then be used (50 pm is
standard, although path lengths of 100 um or more may be used), which allow a

significant reduction in the concentration of samples (0.1 to 1 mg mi).

1.2.4.1 Secondary structure in FTIR.

The infrared spectra of polypeptides exhibit a number of ‘amide bands’ that represent
different vibrational modes of the peptide bond. There are up to 9 characteristic bands
named amide A, B and I through to VII. Amide I and amide II bands are two major
bands of the protein infrared spectrum. The amide I band (between 1600 and 1700cm™)
is mainly associated with the C=0 stretching vibration (70-85%) and is directly related

to the backbone conformation. Amide I (1510 and 1580 cm'l) results from the N-H



bending vibration (40-60%) and from the C-N stretching vibration (18-40%). This
band is conformationally sensitive. Amide ITT and IV (1350 — 1450 c¢cm™) are very
complex bands resulting from a mixture of several co-ordinate displacements. The
out-of-plane motions are found in amide V, VI and VII bands (200- 800 cm").
Overall, the amide I bands are most useful primarily, because they arise

predominantly from one type of vibration [21].

A critical step in the interpretation of IR spectra of proteins is the assignment of the
amide 1 component bands of different types of secondary structure. Amide I bands
centred around 1650-1658 cm™ are generally considered 1o be characteristic of o
helices. Unordered structure and turns also give rise to amide | bands in this region
which complicates analysis. The B sheets give rise to highly diagnostic bands in the
region of 1620-1640 cm’'. There is a weaker band associated with antiparallel B

sheets around 1680 cm™' [22-24] (Table 1.1).

Secondary structure Amide I frequency (cm™")
Antiparallel B sheets/ aggregated strands 1675 - 1695
o helix 1648 - 1660
unordered 1640 - 1648
B sheet 1625 - 1640
Aggregated strands 1610 - 1628

Table 1.1 - shows the typical amide I frequencies corresponding to the secondary
structural features [23 & 24].

1.2.4.2 Band assignment.

Band assignment depends on the nature and environment of the protein. For real
proteins, the situation is much more complex than that discussed above, which
assumes the presence of only one major structural motif. All proteins contain more
than one secondary structural motif, and, consequently, give rise to more that one
amide absorption. Unfortunately, the width and separation of these absorptions is such
that they overlap and produce a composite, often featureless absorption profile as in
Figure 1.5. It is also assumed that the absorptions arise from amide C=0O groups

involved in secondary structures.
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Figure 1.5 - A typical spectral profile for a protein containing a degree of secondary
structure. The individual bands due to the secondary structure contribute to the overall
featureless spectral envelope shown as the dotted black line.

In fact significant absorptions in this region of the spectrum may arise from amino
acid side chains, including tyrosine, phenylalanine, glutamine, arginine and lysine
[25]}. In proteins containing significant amounts of these amino acids a nontrivial
contribution from the side chains may in fact make up 10 - 15% of the total intensity
of the amide I. Another source of error lies in the assignment of particular amide 1
absorptions to specific secondary structures, e.g. myoglobin is predominantly o
helical in structure, with little or no 8 sheet structure present. However, the IR spectra
exhibits a maximum at 1653 cm, characteristic of an @ helix and also a strong
shoulder at 1632 cm™ which may be mistaken for B sheet secondary structures. In
fact, this most likely arises from turns within the protein. Although different types of
secondary structures produce distinct band frequencies in the amide I region, it is
difficult to distinguish between different parts of the protein that have the same

secondary structure.
Information may be obtained by analysis of the frequency of the composite amide 1

spectral envelope along with any visible shoulders. However, changes in the positions

of these maxima could make interpretation difficult. For example, a shift to a lower
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wavenumber of a peak may mean that one or more of the underlying absorptions has
shifted to a lower frequency. Alternatively, such a shift may be produced by an
increase in intensity of a component band, resulting in a redistribution of intensities
without any actual change in the frequency of the peak [23]. Analysis of the spectral

envelope alone cannot be used to identify secondary structure and could lead to

misinterpretation.

1.2.4.3 Second derivative and deconvolution spectra.

Methods such as deconvolution and derivation coupled with curve fittin g can be used
to assign specific bands. Deconvolution or derivation is performed on the ori ginal data
to obtain an estimate of the number of discrete absorptions that make up the complex
amide | band profile. Deconvolution or derivation are techniques used to obtain an
estimate of the number of discrete absorptions that make .up a complex spectral
profile. Most of the band positions that are in the amide I band are easily found in
second derivative spectra. Some difficulties arise in absorption bands showing as
shoulder peaks in the derivative spectra. Deconvolution is an estimate of the number
of components in the envelope, their width, height and shape. Therefore the bands
overlap and can not be distinguished in the amide envelope. These parameters are then
used as input parameters in an iterative least squares routine that attempts to
reproduce the experimentally obtained amide I band profile by varying these

parameters.

The most common method of quantitation of protein secondary structure involves
curve fitting of the amide I region [26] of proteins in a variety of matrices and
environments [27]. Curve fitting methods based on techniques such as singular value
decomposition [28], factor analysis [29) and partial least squares analysis {30] of IR
spectra are analogous to methods used for quantitation of CD spectral, i.e. comparison
of spectra with spectra of known peptide structures. Although quantitative estimates
of protein secondary structure are sought by many investigators, each of the
techniques currently used suffers from significant shortcomings. Despite limitations in
the quantitative assessment of protein secondary structure content, FT-IR provides a

good tool to monitor conformational changes in polypeptides and proteins [31].
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1.2.4.4 Attenuated total reflectance (ATR).

Attenuated total reflectance FTIR is a versatile and powerful technique for infrared
sampling and is a method widely used in the study of proteins. Attenuated total
reflectance spectroscopy can be used to analyse protein structures in different forms,
including surface adsorbed proteins, membrane bound proteins, turbid solutions and
proteins in biological samples [32]. The technique is ideal for rapid quantitative and
qualitative analyses, as no sample preparation is required for most samples. The major
advantage of ATR-FTIR over conventional FTIR is that proteins can be in aqueous

solutions that can also be non transparent.

The ATR attachment comprises of a crystal of a material that is transparent to mid
infrared. The internal reflectance element (IRE) has a refractive index such that
incident radiation is internally reflected inside the crystal. Types of material used as
the IRE include ZnSe and Ge. The refractive index of ZnSe is 2.4 whereas for Ge it is
4. The most common IRE is ZnSe and can be used at pH 5-9 whereas, Ge is

recommended for use with acids; either can be used with bases.

Factors which affect the results obtained in an ATR experiment are: the wavelength of
infrared radiation; refractive index of the IRE and sample; depth of penetration;
effective path length; angle of incidence and sample contact with the ATR crystal
material [33]. An evanescent wave is set up which actually penetrates the crystal
surface by up to 5 pm dependent on the type of crystal and angle of incident of the
infrared radiation. The attenuation of the internally reflected radiation results from the
penetration of the electromagnetic radiation field into the matter in contact with the
reflection surface. The consequence of this is that a sample in contact with the crystal
can interact with the evanescent wave, which is then attenuated by absorption by the
sample, hence the name attenuated total reflectance. The penctration depth is related
to the effective path length. The effective path length can be used to approximate

comparisons between transmission and ATR spectra {33].
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1.3 Amyloidosis.

Amyloidosis is the generic term for the classification of diverse but specific
conditions in which insoluble amyloid fibrils deposit. Amyloid deposits are observed
in many different diseases including chronic renal dialysis, rheumatoid arthritis,
B-cell malignancies, diabetes and Alzheimer’s disease [34]. The term amyloid means
“cellulose or starch like” derived from the first diagnostic tests and was first
developed by Virchow [35]. The term has remained in use despite the fact that

cellulose is not a constituent of amyloid.

At least 15 apparently unrelated types of proteins have been described as being
responsible for amyloid deposition. These deposited proteins are diverse in nature but
are, nevertheless, grouped together under the term amyloid. These include primary
amyloid (AL), amyloid A (AA), transthyretin (TTR), Islet amyloid polypeptide
(AIAPP), B2 microglobulin (B,M) and Alzheimer’s amyloid [ protein (APB) [36].

Although the protein deposits are chemically heterogeneous, they share common
morphology, being fibrillar in nature with a B pleated sheet conformation. They stain
with specific dyes such as Congo Red, and have a characteristic red-green
birefringence appearance in polarised light. Amyloid fibrils are small (<30 kDa) and
are about 7-10 nm in diameter. They are inseluble under physiological conditions and
resistant to normal degradative processes in vive [37]. In tissues, they are always
associated with plasma extracellular matrix constituents such as glycosaminoglycans

and proteoglycans.

The accepted overall mechanism in amyloidogenesis is thought to involve specific
protein precursors that are produced in excess quantity, The processor proteins are
subjected to genetic mutations or specific amino acid substitutions or are altered by
proteolytic cleavage resulting in the generation of proteins or peptide fragments [38].
These amyloidogenic proteins self aggregate into fibrils with or without trigger

factors.
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1.3.1 Classification of amyloid.

The various amyloids can be classified according to their clinical setting or by the

type of amyloid protein present. The most common forms of amyloid are shown in

Table 1.2.

Type

Clinical disease

Type of amyloid protein

Primary
amyloidosis

Secondary
amyloidosis

Hereditary
amyloidosis

Isolated
amyloidosis

Primary amyloidosis appears de
novo and is not associated with any
underlying disease [39].

Amyloids that appear secondary to a
disorder e.g. chronic inflammatory
disorders, renal cell carcinomas and
Hodgkin’s disease [40].

Present in dominant autosomal
disease such as Familial
Amyloidotic Polyneuropathy (FAP)
and Familial Mediterranean Fever
(FMF) [41].

Localised deposits of amyloid in
endocrine, lung, heart and cerebral
in the case of Alzheimer’s disease.

Consist of variable region
of light chains deposited as
the primary amyloid (AL).

The AA amyloid protein,
derived from a naturally
occurring serum protein
(apo SAA).

Most result from a variant
of transthyretin (TTR).

e.g. Dialysis related
amyloid B> microglobulin
(BM) and Alzheimer B
amyloid (A)

Table 1.2. - Classification of amyloid according to clinical setting.

AL amyloid protein is common to most primary amyloids such as systemic

amyloidosis associated with myeloma, monoclonal gammopathy, and occult

dyscrasia. AL amyloidosis is a disease of ageing that is influenced by gender, two

thirds of patients are male with a median age of 62 [42]. Generally, AL fragments are

deposited systemically, although deposits have been found in the heart, kidney, liver,

spleen and in other organs. AL amyloid fibrils are derived from monoclonal

immunoglobulin light chains, usually of A type, which are produced by an abnormal

clone of plasma B cells. AL deposits can consist of light chains of either x or A region

of the light chain or the entire light chain [40]. The presence of light chain fragments
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in amyloid deposits represents clear evidence that in situ proteolysis is a major
mechanism predisposing to fibril formation.

The AA amyloid protein is a reactive systemic amyloid associated with acquired or
hereditary chronic inflammatory disease. SAA consists of 76 amino acid residues with
a molecular weight of 8500 Da, which corresponds to the terminal two thirds of a
naturally occurring serum protein, apo SAA [43]. The apo SAA is an acute phase
protein carried by plasma high density lipoproteins (HDL) in concentrations of 1 ug
ml™ but which increases by 1000 fold during an inflammatory process [44 & 45].
Multiple isoforms of AA are deposited but it is SAA production and its structure that

are critical factors in AA amyloidogenesis [36].

The transthyretin (TTR) was also termed pre-albumin, as it migrates ahead of albumin
in electrophoresis. Transthyretin consists of a 55 kDa non-glycoslyated plasma
protein consisting of four 125 amino acid subunits, TTR serves as a transporter of
retinol (Vitamin A alcohol). TTR amyloidosis may involve a variety of other proteins,
for example apolipoprotein, gelsolin, cystatin C, fibrinogen Ad, and lysozyme.
Mutant forms of this protein cause it to deposit with a predilection for peripheral and

autonomic nerves [46].

Other forms of amyloid include localised deposits of amyloid that tend to involve a
single organ including the lung, heart and various joints [40]. Islet amyloid
polypeptide (AIAPP) is involved in endocrine amyloid deposits in the lIslet of
Langerhans in type II diabetes mellitus and insulinoma [47]. B microglobulin is
present in patients on chronic renal dialysis as dialysis-associated amyloidosis and is
seen to precipitate into amyloid fibrils in various joints and other organs [48]. In
Alzheimer’s disease (AD), a 4 kDa amyloid P protein (AB) is deposited in
cerebrovascular and intra-cerebral plaques. This form of amyloidosis can be sporadic
or occur in a familial form and is also seen in Down’s syndrome patients [49]. The
prion protein (PrP*) found in Creutzfeldt-Jakob disease and Gertsmann-Staussler-
Scheinker disease deposit as amyloid plaques and the brain pathology in these

diseases resembles that of AD [50].
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